Abstract-Strong interferences can substantially deteriorate the performance of autofocusing techniques in ground penetrating radar (GPR) data analysis for reinforced concrete (RC) bridge deck evaluation. In this paper, we propose a new approach based on F-K dip filtering to remove interferences, including direct waves and cross rebar reflections. Different from previously related work, the surface roughness and uneven cross rebar reflections resulted from GPR signals propagating through rough surface and inhomogeneous medium are carefully modeled as reflectors with small dipping angles, and hence dip relaxations are introduced in the F-K dip filtering to remove strong interferences. The mechanism of the F-K filter without dip relaxation and the correctness of the rebar modeling are first illustrated using simulation data. Then its effectiveness with adequate dip relaxation is demonstrated by both experimental and field data. Additionally, the performance of the F-K dip filter with adequate dip relaxation is also compared with that of the background subtraction (BS) method that is commonly used for direct wave removal in GPR data processing for RC bridge deck evaluation.
I. INTRODUCTION

G
ROUND penetrating radar (GPR), as a nondestructive evaluation technique, has been widely used for shallow subsurface object detection, localization, and characterization [1] - [3] . Recently, it has also been recognized as a primary investigative tool for the evaluation of reinforced concrete (RC) bridge decks, mainly because it can provide high-resolution subsurface images through fast profiling with no need of asphalt removal. However, obstacles, such as parameter estimation, interference removal, and feature extraction, still exist for this application [4] , even though numerous research papers have been dedicated to solving these problems.
In our recent publication [5] , we developed an automated process for obtaining medium parameters and optimal subsurface images of RC bridge decks. In [5] , various metrics were evaluated for GPR autofocusing. The evaluation of the autofocusing techniques under various conditions has indicated that strong direct waves (antenna crosstalk and ground bounce) and cross rebar reflections can substantially deteriorate the performance of autofocusing metrics. Therefore, it is important to effectively remove the interferences before further processing the GPR data collected from RC bridge decks. Direct wave removal from GPR data has been studied for a long time and various methods have been proposed and implemented. Conventional approaches, include background subtraction (BS), time-gating, and scale and shift. However, those techniques fail when the surface is rough or the shallow target signals are mixed with the direct waves [6] . For RC bridge decks, the top rebar mat is usually located at a depth around 2.5-3.5 in., which can be considered shallow when the impulse width in time is larger than the two-way travel time between the interface and the target. In addition, the surface roughness of the concrete deck, especially asphalt overlaid concrete deck, sometimes cannot be neglected. Therefore, the conventional approaches sometimes cannot provide adequate preprocessed profiles for further processing. Unconventional direct wave removal methods explore both hardware and advanced software solutions. There are numerous research papers working on this topic and each has its own pros and cons. Hardware solutions include the differential GPR systems [7] , transmitter-receiver-transmitter configuration (TRT) (feeding the transmitters out-of-phase sources to create a symmetry plane in the middle) [8] , [9] , and setting the transmitter at the Brewster angle [10] . Differential GPR systems record the difference of two receivers located at the same distance from the interface and symmetric to the transmitter. The setup of TRT feeding with out-of-phase sources has similar setup as differential GPR systems. They both require homogeneous ground and uniform ground-air interface, and may cause the filtering of useful signals for targets of low spatial variations. Setting the transmitter at the Brewster angle is unpractical for field scans as it requires medium homogeneity and the prior information of medium permittivity. Moreover, this method is only effective in removing ground bounce and the suppression of the crosstalk between antennas requires additional processing. Advanced software solutions can be generally group into parameterization/statistics-based and filtering-based methods [11] . The main drawback of the parametric clutter modeling/statistics-based methods is that it requires reference data and the performance strongly depends on the clutter model and the assumptions for parameter estimation [12] - [14] . Filtering methods include decomposition using component separation/subspace projection [11] , [15] , [16] , wavelet filtering [17] , Kalman filtering [18] , and F-K filtering [10] . Component separation can be based on independent component analysis (ICA) [16] , principle component analysis (PCA) [16] , eigenvalues [15] , and singular value decomposition (SVD) [11] . It requires the assumption that the interferences are the leading component, which may not always hold. In [11] , the average removal and the subspace projection methods are compared with the entropy-based time-gating approach. The authors demonstrate that the average removal and the subspace projection methods provide very similar results, and both methods return images with larger clutter residues compared with the entropy-based time-gating approach. Although the entropybased time-gating approach provides better results in [11] , it is not suitable for RC bridge deck evaluation using GPR. In this application, since the clutter and the rebar reflections are partially overlapped, especially when the GPR data are polluted by nearby cross rebar signals, zeroing out points corresponding to the clutter will result in a removal of target signals. In [17] , the two-dimensional (2-D) wavelet transform methods are tested on the GPR profiles for underground buried with metal/plastic tubes. The test data in [17] are similar to the GPR data in our application, but in a much simpler scenario in the sense of a much flatter surface, more homogeneous medium, and less clutter contamination mixed with the target signals. Although a large amount of the direct waves are removed by the wavelet transform-based methods, the clutter residues are still not negligible. Kalman filter in [18] requires reference data, which are not always available, especially for RC bridge deck evaluation using GPR. The adopted method, in this paper, is based on F-K filtering, which will be discussed later.
On the other hand, cross rebar reflections are considered as useful information for 3-D GPR imaging and its removal is rarely discussed in the literature. However, its removal is necessary for the autofocusing process of 2-D GPR profile analysis when the GPR scanning line gets close to a cross rebar. Additionally, the removal of cross rebar signals can also improve the accuracy of the attenuation map [19] , which is the prevalent network-level approach to evaluate the health condition of bridge decks using GPR. The map is made by recording discrete rebar reflection intensities and smoothed using interpolating methods such as B-spline or mixtures of Gaussian process models [20] , [21] . For the GPR data from RC bridge decks, cross rebar reflection has two features that make it difficult to be eliminated by the conventional methods developed for direct wave removal. First, the heterogeneity of concrete medium and rough surface contributes to the uneven cross rebar images in the profiles. Second, nearby cross rebar signals are usually overlapped with the rebar signals under investigation as rebars from both directions are from the same rebar mat and they are almost at the same depth.
In this paper, we propose a new approach based on F-K filtering to remove uneven surface and cross rebar reflections from GPR profiles. F-K filters belong to the category of velocity filters, which have been widely used in the seismic field [22] , [23] . A velocity filter, applied in the F-K domain, is also known as apparent velocity filter, fan filter, dip filter, slope filter, or Pie-Slice filter. Pie-Slice filters are brought up in seismic field by [24] to separate events with different dipping angles in structurally complex areas, to filter high-velocity noise, or to attenuate wideband multiples in areas where a normal-moveout contrast exits between primaries and multiples. F-K filters are based on the differences of apparent velocities, which are equivalent to the slopes in the F-K fields, caused by the interferences and the target signals [25] . This approach has been recently introduced into the GPR field by [10] . In their paper, F-K filters are adopted to remove the crosstalk generated by a bistatic system. The bistatic system uses a horn antenna as a fixed transmitter and an optical electric field sensor as a receiver running over the testing field. With this setup, the arrival time for the direct waves is different from trace to trace. Two filters are designed in the paper. Since the authors assume that the permittivity of the subsurface is known and the GPR system is designed to reduce the ground reflection by using the Brewster angle, the direct wave removal only needs to suppress the antenna direct coupling. With a fixed transmitter location in their GPR system, the apparent velocity and the transmitter-receiver distance can be calculated for different receiver locations. The first filter uses the apparent velocity range for all receiver locations to determine the fan area that needs to be filtered in the F-K domain. The second filter applies a time shift to eliminate the arrival time difference of the direct wave before filtering the dc component in the F-K domain. However, both designs of the filters require the prior information of the exact transmitter and receiver locations for the whole scanning process, and assume that the surface is flat and the medium is homogenous. Similar ideas are then followed up by [26] and [27] .
Inspired by [10] and [25] , we come up with an idea to remove cross talk together with ground bounce from rough surface by taking into account the small dipping angles and call this process "dip relaxation." The reason we can bring this process into F-K filtering is that our target signals are scattered over a wide span along the spatial frequency direction in the F-K domain, which means they exist in areas representing a wide range of apparent velocity values (large dipping angle range) while the rough surface is composed of small plane reflectors with a much narrower dipping angle range. In addition, the cross rebar signals can also be modeled as slightly distorted uneven reflectors with small dipping angles considering the surface roughness and the variations of wave propagation velocity through the heterogeneous medium, concrete, is not dramatic. The mechanism of the standard F-K filter and the correctness of the target modeling are illustrated using a simple GPR simulation data (Case 1), and the effectiveness of the F-K filter with adequate dip relaxation is validated by both experimental data (Case 2) and field data (Case 3). In addition, the performance of the proposed method is compared with that of the BS method. Although both the BS and the subspace projection methods are considered as gold standard approaches for GPR clutter removal, our proposed method will be compared with only one of them, since they have been demonstrated to have similar performance in [11] . The demonstrated comparison method is BS. Let s(x, t) be the 2-D (in the time t and spatial x domains) radar record on the surface, the preprocessed data after BS at any time t i is defined as 
II. F-K FILTER
A. Principle F-K filtering has been applied in the seismic field for suppressing certain types of unwanted energy that obscure primary reflections [25] . Coherent linear events, such as ground roll, guided waves, and side scattered energy, can be separated in the F-K domain, accordingly. The reject zone is usually confined as a fan, but can be of any other shapes, if necessary [24] . F-K filtering with a fan-shaped rejection region is also called F-K dip filtering here, which will be introduced.
The principle of F-K dip filtering, to put it in a simple way, is based on the fact that the apparent velocity equals the slope through the origin in the F-K domain [22] . The apparent velocity along the survey line direction (x-axis) v ap can be defined as
where v is the wave propagation velocity and θ is the dipping angle, namely, the angle between the horizon and the reflector.
In an ideal case, assuming the bridge deck surface is flat and medium is homogenous, the dipping angle corresponding to the interferences (direct waves and cross rebar signals) will be zero, and the apparent velocity of the direct wave, equivalent to the slope in the F-K domain, will be infinity. In the RC bridge deck evaluation application, the target signals are the rebar reflections. Normally, the GPR survey path is perpendicular to the orientation of the targeted rebar. Since the cross-section of a rebar can be approximately treated as round shaped, considering the multiple tangent lines around the circle, the reflections from tangent points on the circle corresponds to the dipping angles vary continuously from 0 • to 90 • , as shown in Fig. 1 . This is equivalent to slopes of reflected rebar signals in the F-K domain vary from infinity to v. Because the energy of the direct waves is concentrated on the frequency axis, while the energy of the target is scattered over a wide span along the spatial frequency direction in the F-K domain, the direct wave can be eliminated by removing the energy along the frequency axis and the loss of target signals is negligible from this operation.
The process of the F-K filtering is generally composed of four steps. First, transform s(x, t) to its representation in the
where k x is the wavenumber along the x-axis and ω is the angular frequency. Second, design the reject zone in the F-K domain by muting both the amplitude and phase spectrum to zero in this region. For the ideal case, the expression for the filter in the F-
Third, apply the designed F-K filter to the input dataset by multiplication
where G(k x , ω) is the filtered version. Last, the time-spatial (T-X) radar profile after interference removal f (x, t) is recovered by applying 2-D inverse Fourier transform to
Spatial aliasing is a practical issue associated with 2-D Fourier transform for both Stolt migration and F-K filtering [25] . The formula for determining the maximum frequency that can be handled without spatial aliasing is given by
where dx is the trace spacing F max is the maximum unaliased frequency and θ is the dipping angle. F max reaches its smallest possible value when the numerator reaches the smallest value and the denominator reaches the largest value. The largest value for sin(θ) is 1. The trace spacing for GPR testing of bridge decks is usually around the magnitude of centimeter or millimeter [34] , [29] . For the experimental data shown in this paper, the trace spacing is 0.005 m and the relative dielectric constant is less than 13, which leads to a velocity of 8.3 × 10 m/s. This leads to a value of 8.3 GHz for the lower limit of the maximum unaliased frequency. The antenna center frequency used in the experiment is 2.6 GHz, which indicates that the maximum signal frequency needs to be considered is 7.8 GHz [30] , which is smaller than the maximum unaliased frequency, 8.3 GHz. Therefore, there will not be spatial aliasing. The same holds for the field data.
B. F-K Filter with Dip Relaxation
The previous F-K filter designs are based on the assumption that the deck surface is flat and the medium is homogenous, and then the direct waves for the commonly used common-offset GPRs will be concentrated along the frequency axis in the F-K domain. In real cases, the deck surface can be rough and the medium can be inhomogeneous, the signals in the F-K domain corresponding to direct waves for the commonly used commonoffset GPRs will occupy a more spread area. In this paper, we model this situation by introducing moderate dip relaxations in the F-K dip filter. The filter with a dip relaxation (k x _d rax ) H(ω, k x ) is modified as
where f/k x _d rax is the slope determined by the maximum dip angle relaxation. For example, if the dip relaxation is 30
• f/k x _d rax is 2v. As indicated by paper [5] , cross rebar signals are another main hinder for the performance of the autofocusing techniques. Theoretically, the dipping angle of the cross rebar is zero and its signal should correspond to the energy on the line with slope of infinity through the origin in the F-K domain, similar to the case of ideal direct waves. In real RC bridge deck applications, in addition to the effect of the rough surface, the medium through which the wave propagates often cannot be considered as homogenous. The cross rebar signals may exhibit as a distorted uneven line in the radar profile, as shown later by the experimental data. This is because the different arrival times along the scanning line. In this paper, we convert the problem of the medium inhomogeneity and the rough surface into the problem of uneven reflectors. Assuming there are no abrupt changes in the medium and the surface, which is a reasonable assumption in real cases, the dip angle relaxation can also be confined to a small angle. Hence, the target signals will not be affected much by the dip filtering.
III. SIMULATION DEMONSTRATION (CASE 1)
A. Setup
A segment of the RC bridge deck is built in a GPR simulator, GprMax 2.0 [30] , which is based on finite-difference time-domain (FDTD) method. GprMax has been utilized by numerous researchers in the literature and [31] - [33] are a few examples. The dielectric constant of the concrete is set to be 6.4, which is a typical value for dry concrete, and the conductivity is set to be 0.05 S/m. A 2-D model is built with a cross-section shown in Fig. 2(a) . The size of the concrete bridge deck is 8 ft. 35 cm) . The transceivers are two line source antennas with a common offset of 3 cm (bistatic acquisition mode) and a stand offset of 0.25 cm. The exciting source for the transmitting antenna follows a Ricker function with a center frequency of 2.6 GHz. The time range for each A-scan is 6 ns. The generated raw radargram from the 2-D simulation collected with a step of 5 mm is shown in Fig. 2(b) . The starting point location and the ending point location for the transmitter are 1.1 and 1.7 m, as roughly indicated by the red arrowed line in Fig. 2(a) . To be consistent, the starting point of transmitter for all GPR profiles will be considered as the origin.
B. Results and Discussions
First, we transform the data with only direct waves [ Fig. 3(a) ] and only target signals [ Fig. 3(c) ] into their respective F-K domains [ Fig. 3(b) and (d)] . The target signals are rebar reflections. It can be observed that the direct waves in the F-K domain are concentrated in the left corner and the target signals are spread over a wide range along the spatial frequency direction. This is consistent with the theoretical model analysis above. Based on this phenomenon, we only need to apply the simple filter in the F-K domain to remove the direct waves along the frequency axis. Although the first column also has a small amount of the target signal, the loss is negligible. The resulted profile from F-K filtering is shown in Fig. 4(a) . As a comparison, the commonly used BS method is also used to remove the direct waves and the result is shown in Fig. 4(b) . The profile after F-K filtering generates basically the exact signals as we wanted while the profile after BS method creates artifacts (pointed by the red arrow). The reason is that, as the mean pixel value along each horizontal line is subtracted from all pixels along the same line in the BS method, the area with the most strong reflection energy (the apex of the hyperbolic rebar reflection) will leave a clear artificial line as a result.
IV. EXPERIMENTAL TEST (CASES 2 AND 3)
A. Data Collection
Both experimental and field data are used to demonstrate the performance of F-K filtering with dip relaxation. Experimental data (Case 2) are collected on a fabricated bridge deck section prepared at the University of Texas at El Paso, as part of a research project to compare NDT technologies for RC bridge decks. A bird's eye view of the deck is shown in Fig. 5 [29] and [34] . GPR testing is performed using a GSSI SIR-20 system equipped with high-frequency antennas (center frequency: 2.6 GHz) and constant antenna spacing in point mode (constant-offset profiling). The main record parameters are 12 ns time range, 1024 samples/scan. The demonstration data, shown in Fig. 6(a) , are collected from the red arrowed line in Fig. 5 . GPR system with 1.5 GHz antennas is used for data collection. For more detailed information about the field test, refer to [29] . The raw profile for demonstration is shown in Fig. 6(b) .
B. Results and Discussions
For the experimental data (Case 2), the resulted profiles from both BS method and F-K filtering are shown in Fig. 7(a) and (b), respectively. For an experimental case, the roughness of the surface and the inhomogeneity of the medium is inevitable for concrete bridge decks. From Fig. 7(a) , it can be observed that strong direct wave and cross bar signal residues, as marked by the red arrows, still exist in the profile after applying the BS method while the interferences are largely reduced by the F-K filtering with adequate dip relaxation. The results after F-K filtering with no dip relaxation and nonadequate relaxation are also shown in Fig. 7(c) and (d) , respectively. The dip relaxation angle is currently determined by visual inspection and the automatic method to determine the dip relaxation angle is listed as our future work. Based on the visual inspection of the filtering results with various discretized dip relaxation angles, the smallest value that can well remove the interference is considered as an adequate value for the dip relaxation. Fig. 7(c) generates similar results as that after BS. Fig. 7(d) indicates that if the selected dip angle is too small, the resulted profile may still have nonnegligible interference residues. Another worth noticing is that the direct waves look flat and uniformly distributed from visual inspection in Fig. 6 (a) and BS should be able to completely remove it. However, large direct wave residues still exist after BS [ Fig. 7(a) ]. The experimental results show that the F-K filtering with appropriate dip relaxation is more effective to remove uneven cross bar signals and direct waves. Similar conclusions can be drawn from the field testing results (Case 3), which are shown in Fig. 8 . Since the field data are more challenging than the experimental data, the advantages of F-K filtering with appropriate dip relaxation are more obvious. For both the experimental and field data in the paper, the dip relaxation is less than 10
• . To show the impact of different interference removal methods on the performance of autofocusing techniques presented in our previous paper [5] , the variations of the normalized metric values (NMV) of the autofocusing technique based on higherorder statics (HOT) with the change of the relative dielectric permittivity (RDP) are plotted in Fig. 9 for the leftmost rebar in Fig. 6(a) . The desired autofocusing metric performance is that the metric should reach a single maximum value around the real relative permittivity value in the searching space. The results show that, after F-K filtering with dip relaxation, the performance of HOT autofocusing metric is largely improved compared with that after BS.
V. CONCLUSION
To improve the GPR image quality and the performance of the autofocusing techniques we developed in [5] , an interference removal method is presented to remove strong direct waves and cross rebar reflections. This method is based on F-K dip filtering. Dip relaxation is introduced into the design of the F-K filter to accommodate the unfavorable situations encountered in GPR profiles from RC bridge decks. The effectiveness of the developed interference removal method has been demonstrated by both experimental and field data.
Different from previous related work, surface roughness is considered by introducing dip relaxation and the cross rebar in heterogeneous concrete bridge decks, shown as uneven bands in the GPR profiles, is modeled as rugged reflectors with small dipping angles in the homogeneous medium. This modeling approach merges the problems of the removal of direct waves from rough surface and the suppression of cross rebar reflections into a single uneven reflector problem. Both interferences can be successfully removed by the developed F-K filtering with appropriate dip relaxation.
Although the developed F-K filtering with dip relaxation method leads to better interference removal results than the conventional approaches, the current dip relaxation value is empirically selected. The dip relaxation parameters can be obtained automatically by using image processing to get the highest slope in the clutter structure, which will be investigated in our future work.
